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ABSTRACT. The term "enteroinsular axis" refers to the AGA, appropriate for gestational age enhancement of insulin release by hormones secreted from SGA, small for gestational age the gut. Gastric inhibitory polypeptide (GIP) is one of the
LGA, large for gestational age major hormones that mediates this function. The purpose IDM, infant of diabetic mother of the present study was to examine whether the enteroin-IRI, immunoreactive insulin sular axis is functional in newborn infants born at term gestation. Between d 2 and d 4 of life, glucose was infused for 2 h intravenously or orogastrically to 44 fullterm newborn infants, of whom 18 were appropriate for gestational age, nine large for gestational age, eight small for gestational age; nine infants were born to diabetic mothers. Glucose was infused at either 8 mg/kg/min intravenously or 16 mg/kg/min orogastrically to achieve similar plasma glucose concentrations. Plasma insulin and GIP concentrations were compared. Plasma GIP concentration increased significantly with enteral glucose administration in all infants but remained unchanged with parenteral glucose infusion. The responses of plasma insulin and the insulin/ glucose ratio were significantly greater in infants receiving enterally than parenterally infused glucose. However, when glucose was infused orogastrically at a lower rate (8 mg/ kg/min), plasma GIP concentrations rose, but no enhancement of insulin response was detected, suggesting the importance of the role of circulating glucose in the "enteroinsular axis". The infants of diabetic mothers and the large-for-gestational-age infants had more rapid insulin response to orogastrically administered glucose, but their GIP responses were similar to that of normal infants. These findings suggest that, at term gestation, the newborn infants have a "functional" enteroinsular axis in response to glucose, i.e. the rising plasma GIP contributed in part to the enhanced insulin response to enterally infused glucose. However, the more rapid insulin response to enteral glucose in the infant of diabetic mothers probably results from the effect of intrauterine hyperglycemia. Our data could not separate the role of GIP in insulin response to enteral glucose in the infants of diabetic mothers. (Pediatr Res 25: [490] [491] [492] [493] [494] [495] 1989) During the transition from fetal to neonatal life, the newborn infant initiates nutrient assimilation by the enteral route for the first time. The fetus in utero acquires its nutrients primarily via the transplacental route. Although amniotic fluid contains small amounts of nutrients such as glucose, amino acids, and ketone bodies, and the fetus swallows amniotic fluid continuously, the nutrient contribution of amniotic fluid to fetal growth is assumed to be negligible. In addition, the effect of in utero nutrient intake on gastrointestinal hormonal responses is not known. In adults, an enhanced insulin release occurs when glucose is administered enterally as compared to glucose given parenterally (1). The term "enteroinsular axis" was first used by Unger (2) in 1969 to describe this enhanced insulin response. The peptide hormone GIP has been shown to be one of the major hormones that mediates the gastrointestinally enhanced insulin release (3, 4) .
In recent years, postnatal surges of several gastrointestinal hormones have been described in both term and preterm newborn infants ( 5 , 6) . The functional capacity of the enteroinsular axis and its contribution to nutrient assimilation, however, have not been defined. Lucas et al. have examined the developmental aspects of GIP secretion and its possible role in the enteroinsular axis in neonates (7) (8) (9) (10) . They have demonstrated an increase in basal GIP concentrations by age 6 d postnatally, in both term and preterm infants who received enteral feeding. However, the associated postprandial response of GIP and insulin with feedings was not clear-cut. We have previously demonstrated a lack of enhanced insulin rise when small dose of glucose was administered orally (1 I), but enhancement of insulin release by enteral glucose was demonstrated with adequate glucose stimulus (12) .
The present studv was designed to examine whether the "enteroinsilar" axis is iunctionayat birth by comparing the plasma Abbreviations insulin and GIP responses to enterally or parenterally adminis-GIP, gastric inhibitory polypeptide tered glucose in normal fullterm newborn infants. (13) . Strict diabetes control during pregnancy was attempted to achieve fasting plasma glucose of less than 80 mg/dL and postprandial glucose of less than 120 mg/ dL. Two of the nine gestationally diabetic women were treated with insulin antepartum; the others were managed by diet alone. The plasma insulin concentrations were not measured in these two infants. Although no specific maternal history or prenatal diagnosis of gestational diabetes were made in the LGA infants, their clinical features were similar to those of the infants of diabetic mothers. All infants were started on breast milk or infant formula feedings at 3-6 h of age. None of these infants were hypoglycemic or required IV glucose infusions before the study. Mean birth wt, gestational age, and the type of glucose infusions the infants received are described in Table 1 .
Study design. Recruited infants were given glucose by constant rate infusions either IV or OG for 2 h. Each infant was studied only once. The rates of glucose infusion chosen, 8 mg/kg/min IV or 16 mg/kg/min OG were based on our previous experience and aimed to achieve a similar rise in plasma glucose concentrations, and to achieve peak plasma glucose concentrations above 100 mg/dL.
Glucose infusions at 8 mg/kg/min OG or 16 mg/kg/min IV were also given to four infants each to compare the hormonal responses in infants receiving same rates of glucose infusions via different routes, enterally or parenterally.
The clinical protocol was approved by the Scientific Review Committee of the Perinatal Clinical Research Center and the Committee on Investigation on Human Subjects of the Cleveland Metropolitan General Hospital. Written informed consent was obtained from one or both parents after delivery of the infant and before the planned study. All studies were carried out between postnatal age of 36 to 90 h. On the day of the glucose infusion, the infant was fed formula or breast milk at 0500 and was then kept without regular feedings until the completion of the study. Between 0800 and 0900, the infant was stabilized under neutral thermal environment in the Perinatal Clinical Research Center. A scalp vein needle or indwelling venous cannula was placed in a peripheral vein in one of the extremities for sampling of venous blood and was kept patent with dilute heparinized saline solution (1 U/mL). For infants who would receive IV glucose infusion, an additional scalp vein needle or venous cannula was placed in a contra-lateral extremity for infusion. If glucose was to be infused enterally, an OG feeding tube (#5) was passed into the stomach and taped in place for the duration of the study. The infant was then allowed to stabilize for 30 min or more after the procedure. After obtaining two blood samples at basal state 15 min apart, glucose infusion as 10% glucose solution via the IV or OG route was initiated and continued for 2 h. Glucose infusion rates and routes of infusion for the different categories of infants are listed in Table 1 .
Serial venous blood samples, 0.5-1.0 mL, were obtained at -15, 0, 15, 30, 60, 90, and 120 min during glucose infusion and at 30 and 60 min after cessation of glucose infusion. Total vol of blood removed did not exceed 4 mL/kg body wt of the infant.
Vital signs, including heart rate, respiration, and temperature were monitored every 15 min by a research nurse. One of the investigators was in attendance throughout the study period. Hematocrit was determined before the study and before infant's discharge from the hospital. None of the infants had a significant change in hematocrit. At the end of the 3-h study period, gastric content was aspirated to check for residual vol and glucose concentrations. Except for one infant who had a residual gastric vol of 15-mL containing 75 mg of glucose, no significant residuals were noted in other infants. Within the 24 h of the study period, urine and stool were checked for glucose and reducing substance. No significant amount was noted in any infant.
Analytical methods. Blood samples with added aprotinin at 500 U/mL and EDTA were kept on ice. Plasma samples were separated after centrifugation and kept frozen at -20°C until the time of assay for plasma IRI and GIP. Plasma glucose was determined immediately by the glucose oxidase method using a Beckman glucose analyzer (Beckman Instruments Inc., Palo Alto, CA). Unextracted plasma (50-100 pL in duplicate) was used for determinations of IRI and GIP. Plasma IRI was determined by the double antibody RIA method in the laboratory of Dr. D. S. Kerr with sensitivity and reproducibility as previously described ( 14) .
Plasma immunoreactive GIP was determined by RIA. "' 1-GIP was iodinated with Iodo-gen (Pierce Chemical Co., Rockford, IL) and fractionated on a Sephadex G50 column. Antibody to porcine GIP (rabbit) was kindly provided by Dr. W. L. Go of the Mayo Clinic. Porcine GIP was used as standard. Separation of bound and free GIP was by the double antibody technique with sheep antirabbit IgG as the second antibody. The sensitivity of the assay was adequate for detection of GIP at 20-200 pg/ tube (200-2000 pg/mL). The mean overnight fasting GIP level in adults by this method was 309 + 1 13 pg/mL ( n = 2 1). LGA infants, they were combined and considered as one category. As there were no differences in response between the SGA and the AGA infants, they were also combined and analyzed as a group.
A repeated measure ANOVA was used to compare the plasma glucose, insulin, and GIP responses to glucose infusions in different groups of infants. Comparisons were made for 1 ) differences in response based on route of glucose infusions (IV versus OG), 2) differences in response between different groups of infants AGA and SGA versus IDM and LGA, and 3) difference in responses based on glucose infusion rates 16 mg/kg/min, or 8 mg/kg/min. The Scheffe post hoe test was used to examine GIP and insulin responses for factor time. p values of <0.05 were considered significant.
RESULTS

Serial plasma glucose, insulin, and GIP concentrations ofthe four groups of infants.
The preinfusion basal glucose concentrations were similar in all four groups of infants. This was anticipated as infants with hypoglycemia were excluded from the study. Although the basal insulin concentrations were not significantly different in the four groups of infants, two IDM and one LGA infant had preinfusion plasma insulin concentrations of 13.6, 12.2, and 12.4 pU/mL, respectively.
Basal plasma GIP concentrations varied greatly among the infants studied, ranging from 127 to 1050 pg/mL. The SGA infants as a group tended to have higher basal GIP concentrations ( p < 0.04 as compared to AGA infants). However, no specific factors, such as postnatal age, number of feedings postnatally or length of fasting were identified to account for the variability. Nor could a correlation be found between the basal plasma GIP concentrations and the basal plasma glucose or insulin concentrations. Because of the wide range of basal GIP concentrations in all infants, changes in GIP concentrations with glucose infusions were also expressed as incremental changes (AGIP) from the basal concentrations. Figures 1-4 show the serial values of plasma glucose, insulin, delta GIP, and insulin/glucose ratio before, during, and after glucose infusions in infants receiving IV infusions at 8 mg/kg/ min and OG glucose infusion at 16 mg/kg/min. Plasma glucose concentrations achieved were similar in all infants. At the termination of glucose infusions for 120 min, a tendency toward more rapid decline in plasma glucose occurred in infants receiving glucose IV than OG.
A significant rise in plasma insulin concentrations from basal levels occurred in all infants by 60 min of glucose infusions and persisted to the end of the study period. OG infused glucose at 16 mg/kg/min resulted in significantly higher plasma insulin responses ( p = 0.0002 for AGA + SGA infants; p = 0.0001 for IDM + LGA infants) as compared to IV glucose at 8 mg/kg/ min; plasma glucose concentrations were comparable (Fig. 2) . The relatively greater insulin responses were also seen as the significant differences in insulin/glucose ratio achieved (Fig. 3) with OG versus IV glucose infusions.
When the insulin responses of different groups of infants were compared, the AGA + SGA infants and IDM + LGA infants had similar insulin responses to IV glucose infusions at 8 mg/ kg/min. With OG infused glucose at 16 mg/kg/min, the overall insulin responses of the two groups of infants during the 180-min study period were not significantly different. However, the IDM + LGA infants had a more rapid rise of insulin concentra- Rg. 4. Incremental GIP concmtratlons (GIP, as compared to prelnfuslon basal plasma GIP) dunng and after glucose ~n f~m m Symbols, sameasln Flg I OGI6vs IV&',g<OOOOl min and persisted with OG glucose infusions. Analysis of GII' data utilizing absolute plasma GIP concentrations or incremental GIP levels (AGIP) yielded similar results. No differences in response were observed in the different groups of infants.
To examine whether the GIP-enhanced insulin response is glucose dependent, four AGA infants were given OG infused glucose at low rate (8 mg/kg/min), and their responses were compared to those of infants receiving a higher rate of enteral glucose (16 mg/kg/min) ( Figure 5 ). Figure 5A shows the differences in plasma glucose achieved. Peak glucose levels were 88.7 + 25.3 mg/dL in infants receiving glucose at 8 mg/kg/min and 1 17.7 & 19.6 mg/dL at 16 mg/kg/min. Plasma GIP responses were similar; higher insulin/glucose ratios were only seen in infants with higher plasma glucose concentrations, i.e. infants receiving OG infusions at 16 mg/kg/min (Fig. 5B, 5C, and 5D ). When the insulin/glucose ratios were compared between infants receiving glucose infusions at 8 mg/kg/min IV or OG, they were not significantly different ( p = 0.44). Furthermore, the high rate of IV glucose infusion at 16 mg/kg/min resulted in peak glucose concentration of 195.2 + 36.6 mg/dL; plasma GIP concentrations did not change, and no significant enhancement in insulin/ glucose ratio was observed.
DISCUSSION
The developmental aspects of GIP and its functional role in the enteroinsular axis in the newborn infants have not been clearly defined. Lucas et al. reported that cord blood GIP concentrations were low as compared to the fasting adult (8) . By 6 d of age, basal plasma GIP concentrations were higher in both term and preterm infants who were fed but remained low in infants not fed orally (8) . However, they were unable to demonstrate a significant rise in GIP concentrations in response to a feed. Marked postprandial elevation was demonstrated by 24 ti of age in preterm infants (8) . In the present study, significant increase in GIP concentrations were demonstrated in infants receiving OG glucose infusions at both 8 mg/kg/min and 16 mg/kg/min. The discrepancy in findings may be best explained by the following factors: I ) There was great variability in basal GIP concentrations among different infants. This was observed in studies of Lucas el al. and in the current study. 2) There were differences in study designs in that cross-sectional data were obtained by Lucas et al. In contrast, serial measures from the same infant were obtained in the current study.
3) The quantity and content of feed as a stimulus may also have contributed to the differences in GIP response (9) .
When comparable plasma glucose concentrations were achieved with IV or OG infusions of glucose, a significant gastrointestinally enhanced insulin response was demonstrated in all four groups of newborn infants in the present study. With the associated rise in plasma GIP concentrations during OG glucose infusion, it can be concluded that the "enteroinsular axis" is functional as early as the first 2-3 d of life postnatally. However, the pattern of response appears to be different from that of adults (15, 16) . The peak GIP and insulin response to glucose occurred within 30 min in adults but occurred later in the neonates, suggesting either a delay in intestinal absorption of glucose or the slow responsiveness of GIP producing cells to glucose stimulus in the neonate.
In adults, GIP-stimulated insulin response has been shown to be glucose dependent (17) . An incremental glucose rise of 1' 7 mg/dL over fasting, or a threshold plasma glucose concentration of 105 mg/dL or g r a t a was required (18) for GIP-mediated enhanced insulin response to occur. The same mechanism for gastrointestinal-enhanced insulin response seems to apply in the newborn infants. As shown in Figure 5 , peak glucose concentrations were 88.7 t 25.4 mg/dL when glucose was infused at 8 mg/kg/min OG; peak glucose concentrations exceeded 105 mg/ kg/min with glucose infusion rate of 16 mg/kg/min OG. Plasma GIP responses were similar between these two groups, whereas KING ET AL. enhanced insulin/glucose ratio was only observed when higher incremental plasma glucose was achieved. Previously, enhanced GIP responses to feed were described relative to postnatal age and quality of milk feedings (8, 9) . Aynsley-Green et al. (10) have also described the differences of GIP and insulin concentrations in infants receiving continuous or bolus feeding. Higher basal hormone concentrations were observed with continuous gastric infusions, and surges of hormonal levels occurred with intermittent bolus feedings (10). As demonstrated in the current study, the adaptability of the neonatal gut with hormonal response to different quantity and quality of nutrient stimuli seemed to be remarkably efficient. In attempting to achieve similar plasma glucose concentrations in the infants studied, twice as much glucose was infused OG than IV. A delay in intestinal absorption and direct intestinal metabolism of glucose may explain partly the blunted plasma glucose rise. Smadja et al. have shown in animal studies that 50% of a gastric load of glucose was delivered to the periphery in 1 h and systemic glucose utilization was increased by 100% (1 9) . The quantitative differences of hepatic glucose uptake and systemic glucose assimilation from parenterally or enterally administered glucose to neonate are still unknown. One may postulate that the gastrointestinal-stimulated insulin response may enhance glucose uptake in these infants receiving glucose via OG route. Quantitative assessment of glucose turnover will be necessary to confirm this hypothesis. The concept however may be important in considering nutrient assimilation from enteral or parenteral route in the preterm infants.
The hv~erinsulinemic state of the fetus of the diabetic mother only appeared that the insulin responses of the IDM and LGA infants tends to occur more briskly without delay as compared to the AGA infants.
No hypoglycemic infants were included in the current study, and their responses to enteral or parenteral glucose remain unknown. However, if the hormonal responses to OG or IV glucose are anticipated to be as shown in the present study, then feeding glucose by mouth for management of hypoglycemia in infants of diabetic mothers requires further investigation.
